The transmembrane part of the S6 inner helix of the Kv1.2 potassium channel is a pivotal part in sustaining channel activity. However, the role of its extreme C-terminal end, which is located on the cytoplasmic side of the channel, is largely unknown. Here, we investigated the role of the extreme C-terminal end of the S6 inner helix (the HRET region) by constructing a series of C-terminal-truncated mutations related to this region in the C-terminal-truncated Kv1.2 channel. Mutations on Thr 421 or Glu 420 significantly altered the activation of the truncated channel. Mutations on Arg 419 demonstrated that neutral or basic, but not acidic amino acid, is essential at the position for the truncated channel activation, and no functional channel was observed when the channel was truncated from His
Introduction
The Kv1.2 channel is a low-threshold, rapidly activating voltagegated potassium channel in mammalian neurons (Stuhmer et al., 1989) . It plays fundamental roles in generating electrical pulses and regulating membrane potential in brain and neuronal connections (Hoshi et al., 1990) . The physiological importance of the Kv1.2 channel has been underscored by the recent findings that the Kv1.2 knockout mice exhibit enhanced seizure susceptibility and die in the third postnatal week (Brew et al., 2007) .
The mature Kv1.2 potassium channels are tetramers, with each subunit containing six transmembrane segments that are named S1-S6. The S1-S4 segments form the region that senses changes in membrane voltage. The S5-S6 segments form the ion conduction pore, providing a pathway for ions to cross the membrane in the open state. When the channel closes, ion permeation is minimized by an activation gate that locates near the intracellular entrance to the pore in the S6 segment (Holmgren et al., , 1998 del Camino and Yellen, 2001; Zhou et al., 2001; Hackos et al., 2002; Soler-Llavina et al., 2006) . The recently solved crystal structure of the Kv1.2 channel reveals that the C-terminus (PVPVIVSNFNYFY) of the S6 inner helix forms a platform for the S4-S5 linker, so that they can correctly interact with each other (Long et al., 2005a) . It has been proposed that the motions of the S4 helices are transmitted to the S6 inner helix of the channel, via the S4-S5 linker, to promote the channel opening or closing (Long et al., 2005a) . Hence, the S6 inner helix is presumed to be necessary for the functional voltage-dependent Kv1.2 channel. This has been proved by a series of mutation experiments. For example, mutations in the Pro-X-Pro sequence of the S6 inner helix of Kv channels have profound effects on gating (Liu et al., 1997; Schoppa and Sigworth, 1998; Hackos et al., 2002; Yifrach and MacKinnon, 2002; Soler-Llavina et al., 2006) . Moreover, mutants that lack the preceding NFN, YFY or other combinations of residues in the S6 inner helix do not express current (Lu et al., 2001 (Lu et al., , 2002 .
As for the HRET region located immediately downstream from the PVPVIVSNFNFNYFY (Figure 1) , it is only known that a truncation in this region in the Kv1.1 channel is related to human EA-1 (episodic ataxia type-1) (Eunson et al., 2000) . Because the HRET region is highly conserved in Kv1 channels, we supposed that the HRET region probably played important roles for the Kv1.2 channel.
Here we addressed the function of the HRET region in the Kv1.2 channel by constructing a series of C-terminal truncations related to the region. In Shaker family Kv channels, the cytoplasmic C-termini are involved in many processes that range from channel gating (Hopkins et al., 1994; Jerng and Covarrubias, 1997) to voltage sensitivity (Marten and Hoshi, 1998) . Therefore, to Figure 1 The S6 inner helix and part of the C terminus sequence of the Kv1. avoid the influence of the cytoplasmic C-terminus, we removed the whole C-terminus of the channel in our experiments. Our observation demonstrated that this region not only plays important roles in regulating the activation of the C-terminaltruncated Kv1.2 channel, but also affects the expression level of the truncated channel on the plasma membrane. 
Materials

Electrophysiological recordings
Voltage-clamp recordings were performed using the EPC-9 patch-clamp amplifier (HEKA 
Data analysis
Data were analysed with Origin 7.0 (Origin Lab). The peak I (current amplitude) at each test potential was converted into G (conductance) using the equation
The Nernst potassium ion equilibrium potential E k was calculated as 284 mV. The normalized conductance G was plotted against the V (test potential) and fitted to a single Boltzmann equation
where G max is the maximum conductance, V 1/2 is the voltage at half-maximal activation and k is the slope factor. The activation time constant was fitted with one exponential component according to
Data are expressed as mean¡S.E.M. Significance among multiple groups was determined by ANOVA (one-way analysis of variance). Statistical significance was set at P,0.05.
Results
Functional Kv1.2 channel without cytoplasmic C-terminus
To investigate the effect of the extreme C-terminal end of the S6 inner helix in the Kv1.2 potassium channel activation, we truncated the C-terminus at Thr 421 site to obtain the Kv1.2 421stop truncated channel, in which the cytoplasmic C-terminus of the (Figure 2A ). This result indicates that the cytoplasmic C-terminus is not essential for forming a functional Kv1.2 channel. The activation properties of Kv1.2 channels are highly variable, with reported V 1/2 values ranging from 240 to +30 mV (Grissmer et al., 1994; Steidl and Yool, 1999; Minor et al., 2000; Scholle et al., 2004; Rezazadeh et al., 2007) . Here our results showed the V 1/2 value was 17.5¡1.9 mV for the Kv1.2 channel (n59). Compared to the wild type, the Kv1.2 421stop truncated channel (V 1/2 : 21.8¡2.9 mV, n58) caused the activation curve of the channel to shift by <20 mV towards hyperpolarizing potentials ( Figures 2B and 2C) . Furthermore, the activation time constant was also significantly altered with the mutation. The activation constant was 7.2¡1.4 ms for the wild-type Kv1.2 channel, while it was 3.0¡0.7 ms for the Kv1.2 421stop truncated channel at +40 mV ( Figure 2D ). These differences suggested that the cytoplasmic C-terminus of the Kv1.2 channel could affect the activity of the channel. 
Regulatory role of Arg 419 in the activation of the channel
To get insight into the effects of Arg 419 , we mutated it to positively charged lysine (Kv1.2 R 4 1 9 K s t o p ), hydrophobic leucine (Kv1.2 R419Lstop ), hydrophilic asparagine (Kv1.2 R419Nstop ) and negatively charged aspartic acid (Kv1.2 R419Dstop ) respectively. The activation curve of the mutated channel was similar to that of Kv1.2 419stop when the arginine was replaced by lysine (Kv1.2 R419Kstop : V 1/2 56.5¡2.7 mV, n56) or hydrophobic leucine (Kv1.2 R419Lstop : V 1/2 510.3¡3.5 mV, n57), but shifted largely to more positive potentials with the arginine substituted by a hydrophilic neutral amino acid (Kv1.2 R419Nstop : V 1/2 516.5¡2.5 mV, n56) ( Figures 4A and 4B) . Figure 4C showed the activation time constant of Kv1.2 419stop and mutated channels at +40 mV. The t values of these channels were 4.9¡1.4 ms for Kv1.2 419stop , 3.8¡0.8 ms for Kv1.2 R419Kstop , 4.9¡0.9 ms for Kv1.2 R419Lstop and 6.7¡2.0 ms for Kv1.2 R419Nstop respectively. Thus, the hydrophobic property of the amino acid at the site 419 has influence on the activation of the channel. However, there was no functional channel current when the positively charged Arg 419 was mutated to negatively charged aspartic acid (n514). This result meant that a non-negatively charged amino acid at 419 is necessary for the channel function. We further truncated Arg 419 to produce the Kv1. 2 418stop truncation, which added the stop codon after residue His 418 to the C-terminal end. After deletion of the whole C-terminus of the Kv1.2 channel and the last two residues of the S6 inner helix, Kv1.2 419stop could express voltage-activated outward currents. However, deletion of more amino acid residues of the S6 inner helix, i.e. Kv1.2 418stop and Kv1.2 417stop , no longer produced functional channels despite increase in the amount of the plasmids (n519 for Kv1.2 418stop and n513 for Kv1.2 417stop ). This finding suggested that Arg 419 was critical in sustaining channel function. To judge if the non-functional Kv1.2 418stop channel is a result of its inability to express on the membrane, we used flow cytometry to detect the fluorescent anti-flag antibody bound to the EGFPKv1. Normalized to the surface expression level of the Kv1.2 channel, the relative surface expression level was 22% and 56% for the Kv1.2 418stop and Kv1.2 419stop channels respectively ( Figure 5B ). Though the Kv1.2 418stop channel had a lower expression on cell membrane than Kv1.2 419stop , it could distribute on the membrane surface. These observations demonstrated that the lack of ionic current for the Kv1.2 418stop channel did not arise from its inability to traffick to the membrane surface.
Discussion
Our studies indicated that the HRET region in the C-terminaltruncated Kv1.2 channels could regulate the channel activation. appeared in some other channels (Kuzmenkin et al., 2003; Shemon et al., 2006) . It remains to be determined if the reason is due to change in phosphorylation or otherwise.
Glutamic acid, arginine and histidine are charged amino acids in the HRET region. Tristani-Firouzi et al., 2002; Vicente et al., 2006) . Likewise, there might be direct interaction between the HRET region and the S4-S5 linker in the Kv1.2 channel. Another possibility is that mutations in the HRET region might affect the interaction between NFNYFY and the S4-S5 linker because the HRET region directly follows the NFNYFY region. These ideas are inconsistent with the Kv1.2 crystal structure, which shows that the smallest distance between some atoms of the HRET region and the S4-S5 linker or the NFNYFY region that may allow their direct interaction is less than 10 Å (Long et al., 2005b (Long et al., , 2005a . We conclude that the lack of ionic current for the Kv 418stop channel is not due to its inability to express on cell membrane because there are still some expressed Kv1.2 418stop channels on cell membrane surface. In terms of the expression levels of the channel on cell membrane, Kv1.2 418stop is significantly lower than Kv1.2 419stop , indicating that Arg 419 affects the expression level of the channel on cell membrane. Besides, Kv1.2 418stop and Kv1.2 419stop showed lower expression levels on cell membrane surface than Kv1.2 wild type, consistent with the C-terminus containing a cluster of phosphorylation sites that regulate channel surface expression (Yang et al., 2007) . In summary, our studies suggest that the extreme C-terminus of the S6 inner helix, the HRET region, plays an important role in regulating the channel function. Further investigation will be required to clarify how these regulations take place and what their intrinsic physiological implications are.
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